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Abstract
Electrically silent hydrogen ion fluxes across a planar bilayer lipid membrane (BLM) induced by an addition of
dicarboxylic (DC) acids at one side of BLM are monitored by measuring pH changes in the unstirred layers near the BLM
surface via recording protonophore-dependent potentials. Two groups of DC acids are studied: (1) 2-n-alkylmalonic acids
with an alkyl chain of different length which carry both carboxylic groups at one terminus of the hydrocarbon chain (K,K-DC
acids); and (2) dicarboxylic acids of different linear chain length having carboxylic groups at the opposite ends of the
hydrocarbon chain (K,g-DC acids). It is shown that the pH optimum of hydrogen ion fluxes for the DC acids is shifted
considerably to acidic pH values compared to monocarboxylic acids and is located near pH 5. For both types of DC acids at
pHI5, the total transport is limited by diffusion of the anionic forms of the acids across the unstirred layers, while at
pHE5 the transport is limited by diffusion of the neutral form across the membrane. The fluxes of K,K-DC acids are similar
to those of K,g-DC acids provided that the acids have the similar number of carbon atoms, the fluxes grow with the increase
in the chain length of the alkyl radical. ß 1999 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction
The process of the permeation of fatty acids (FA)
and their derivatives through membranes has at-
tracted much attention during the last years due to
its involvement in the mechanism of uncoupling of
mitochondria [1,2]. It has been shown, in particular,
that only FA derivatives which are able to ‘£ip-£op’
in a protonated form across the membrane can acti-
vate the protein-mediated H-transport in proteolip-
osomes [3]. However, the studies conducted by di¡er-
ent groups have led to controversial conclusions
about the ability of di¡erent FA to permeate through
the bilayer lipid membranes (BLMs). Namely, it has
been shown in [4,5] that FA can di¡use rapidly
across membranes of liposomes with time constants
of tens of s31. On the other hand, it has been con-
cluded that the time constant of FA £ip-£op is much
lower [6,7] (does not exceed 0.01 s31 [6]). The studies
of the electrogenic £uxes of hydrogen ions induced
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by FA also have not given unambiguous results.
Although Gutknecht observed the increase in the
BLM electrical conductance by lauric and some oth-
er acids [8], it is unlikely that this process contributes
to H-conductance of natural membranes [1,9,10].
Dicarboxylic acids having carboxylic groups at the
opposite ends of the hydrocarbon chain (K,g-DC
acids) represent an interesting class of FA derivatives
with bactericidal properties [11^13]. It has been
shown that most of these acids unable to rapidly
£ip-£op across liposome membranes [14], whereas
they can di¡use through the lipid part of the inner
mitochondrial membrane [12]. It is suggested in [14]
that the inability to exert a fast £ip-£op is associated
with adopting a speci¢c conformation in the mem-
brane interior, possibly a U-shape conformation
which may be dependent on the membrane lipid
composition. On the other hand, dicarboxylic acids
are known to interact with proteins [15,16]. In par-
ticular, 2-n-alkylmalonates were used successfully to
probe the active center of the mitochondrial dicar-
boxylate transporter [17].
In our previous works, we studied the permeation
of weak acids and bases through a planar bilayer
lipid membrane by measurements of steady-state
pH shifts in the unstirred layers (USLs) near the
BLM [18^20]. The method showed its reliability since
the estimated values of membrane permeabilities
were consistent with those measured by other tech-
niques [21]. In particular, the study of the permeation
of monocarboxylic acids of di¡erent chain length en-
abled us to identify di¡erent limiting steps of the
transport process under various experimental condi-
tions and to estimate the membrane permeability for
several acids [20]. In the present work, we have ap-
plied this technique to study the permeation of dicar-
boxylic acids belonging to two di¡erent groups: (1)
2-n-alkylmalonic acids with an alkyl chain of di¡er-
ent length which carry both carboxylic groups at one
terminus of the hydrocarbon chain (RCH(COOH)2 ;
K,K-DC acids); and (2) dicarboxylic acids of di¡erent
linear chain length having carboxylic groups at the
opposite ends of the hydrocarbon chain (HOOC-
(CH2)n-COOH; K,g-DC acids). It has been shown,
in particular, that in our system the £uxes of K,K-DC
acids across the membrane are similar to those of
K,g-DC acids provided that the acids have similar
number of carbon atoms.
2. Materials and methods
BLMs were formed by a conventional method [22]
in a hole, 0.4 mm in diameter, of a diaphragm divid-
ing a PTFE chamber. The membrane-forming solu-
tion contained 20 mg diphytanoyl phosphatidylcho-
line (Avanti Polar Lipids) in 1 ml of n-decane
(Merck). Electrical resistance of the BLM was meas-
ured with the help of OES-2 patch-clamp ampli¢er
(Opus, Moscow). pH gradients on the BLM (vpHs)
were measured according to [18,23] by the method of
recordings an open-circuit potential in the presence
of a protonophore (10 WM tetrachlorotri£uorome-
thylbenzeimidasole, TTFB) which was added at
both sides of the BLM. The potential had plus sign
on the side of the membrane where the acid was
added. The experiments were carried out at room
temperature (21^23‡C).
JH values were estimated from the following
equation [20]:
JH  Dbuff WvpHWB2WN
where Dbuff is a di¡usion coe⁄cient of the bu¡er
molecules, B is the bu¡er capacity of the solutions,
vpH is the pH gradient on the BLM, N is the thick-
ness of the USL. We used the value of the Dbuff of
5U1036 cm2/s and N of 200 Wm following [19]. vpHs
were calculated from the values of protonophore-de-
pendent potentials according to Nernst equation [18].
pH shifts in the unstirred layers near the BLM
were measured directly by means of an antimony
pH microelectrode according to [20]. It should be
noted that a sum of two pH shifts at the opposite
sides of BLM is equal to vpH gradient on BLM. It
has been shown previously that the two methods give
consistent results [23]. Typically the electrode tip was
about 10 Wm in our experiments. Smooth approach
of the microelectrode to the membrane was carried
out by means of a hydraulic microdrive.
2-n-Alkylmalonic acids were prepared by alkylat-
ing of diethyl malonate with suitable n-alkyl halides.
The distilled diethyl 2-n-alkylmalonates were hydro-
lyzed, and the products were puri¢ed by crystalliza-
tion from organic solvents. The absorption maxi-
mum of the products was observed at 213^214 nm.
Their molar extinction indexes depended slightly on
the alkyl residue length, increasing from 137 (methyl)
BBAMEM 77647 3-8-99
V.Y. Evtodienko et al. / Biochimica et Biophysica Acta 1420 (1999) 95^10396
to 159 M31 cm31 (dodecyl). Melting points of ma-
lonic acids corresponded to the data published. Syn-
thesized 2-n-alkylmalonic acids contained 97^99.8%
of basic compounds according to gas chromatogra-
phy of their dimethyl esters. Sebacic and dodecane-
dioic acids were from Fluka. Tris, MES, L-alanine,
KCl, and choline chloride were from Serva; TTFB
was a gift of Prof. E.A. Liberman.
3. Results
In the present work, pH gradients on the BLM
were induced by dicarboxylic acids of two groups:
2-n-alkylmalonates (K,K-DC acids), and K,g-DC
acids. Experiments with measurements of the electri-
cal resistance of the BLM have shown that under our
experimental conditions, the DC acids used in this
study do not a¡ect this parameter of the membrane
implying that the proton £uxes induced by DC acids
across the BLM are electrically silent. In fact, the
typical values of the H £uxes in our experiments
were of the order of 10311 mol/cm2/s. These values
greatly exceed the upper limit of the electrogenic
£uxes, about 2U10315 mol H/cm2/s, estimated
from the level of the BLM conductance (less than
10 nS/cm2) according to the equation [24]:
JH  RTtH
Gm
z2HF
2
where Gm is the membrane conductance, tH is the
transference number for H (1.0 in our estimation),
R is the gas constant, T is the absolute temperature,
zH is the ionic valence, and F is the Faraday con-
stant.
Fig. 1 shows a typical curve of the generation of
the pH gradient on the BLM induced by an addition
of K,K-DC11 (octylmalonic) acid at one side of the
membrane. A steady-state value of the pH gradient is
reached in several minutes similarly to the case of
other weak acids [18]. Fig. 1B shows the dependence
of the pH gradient on the length of the hydrocarbon
chain for K,K-DC acids. pH gradients induced by
K,K-DC5 and K,K-DC7 acids are close to zero. On
the other hand, the solubility of the acids decreases
dramatically upon the lengthening of the hydrocar-
bon chain, especially in neutral and acidic pH ranges.
Thus, only several DC acids are suitable for the ex-
perimental study in a wide range of pH, namely K,K-
DC11 (pHv 3.2) and K,K-DC14 (pHv 6) acids (hav-
ing 11 and 14 carbon atoms in molecules, respec-
tively) and K,g-DC10- (pHv 4) and K,g-DC12
(pHv 6) acids (having 10 and 12 carbon atoms in
molecules, respectively).
It is worth noting that the establishment of a
steady-state value of protonophore-dependent poten-
tial several minutes after the addition of the DC acid
(Fig. 1) indicates that the pH pro¢les in the USLs
and the transmembrane proton £ux reach their
Fig. 1. (A) An example of the measurement of the pH gradient
on the BLM induced by 0.2 mM K,K-DC11 acid (octylmalonic
acid). The medium was: 1 mM Tris, 1 mM MES, 1 mM L-ala-
nine, 100 mM choline chloride, pH 5.0. (B) The e¡ect of the
number of carbon atoms in the 2-n-alkylmalonic acids (N) on
the pH gradient on the BLM (vpH) generated under the condi-
tions used in A. The data for N = 14 were calculated from the
measurements at pH 6.0 since this acid is poorly soluble at pH
5.0.
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steady-state values. The value of the £ux does not
decrease within the time scale of our experiments
(tens of minutes), since in contrast to the £ux meas-
urements on liposomes, our system is characterized
by a very high ratio of the bulk volume to the £ux
which prevents the increase in the DC acid concen-
tration in the trans compartment of our experimental
cell.
It has been shown previously that the concentra-
tion dependence of the pH gradients in the USLs is
sublinear due to the inhibiting e¡ect of high pH gra-
dients on the transmembrane H-ions £ux induced
by weak acids [20,25,26]. As seen from Fig. 2, this
e¡ect is also characteristic of DC acids.
To con¢rm the idea that the potentials measured
in the presence of a protonophore correspond to the
pH gradients on the BLM, we measured pH shifts in
the unstirred layers near the membrane directly by
the pH microelectrode. Fig. 3 shows the pH pro¢le in
the USL near the BLM induced by the addition of
K,K-DC11 at the same (cis) side of the BLM. The
amplitude of the pH pro¢le amounts to 0.066 under
these conditions which is about half of the total pH
gradient on the BLM estimated from the protono-
phore-dependent potential measurements (0.12) since
the total pH gradient on the BLM corresponds to a
sum of two pH shifts at the opposite sides of the
membrane.
pH dependencies of the pH gradients (vpHs) in-
duced by DC acids are presented in Fig. 4. The de-
pendencies for K,K-DC11 (Fig. 4, curve 1) and K,g-
DC10 (Fig. 4, curve 2) have sharp maxima at pH 5.
Thus, pHmax, i.e. the pH values at which the maxi-
mum pH gradient is observed, for DC acids shifts
considerably with respect to that for monocarboxylic
acids for which it is about pH 7 [20]. The maximum
values of hydrogen ion £uxes JHmax induced
by DC acids (estimated as it is described in Sec-
tion 2) are close to JHmax of monocarboxylic acids
having the same number of carbon atoms
(CH3(CH2)8COOH, 34U10312 mol H/cm2/s and
K,g-DC10 24U10312 mol H/cm2/s). As it was men-
tioned above, it is impossible to measure the pH
dependence for DC acids with a longer chain due
to their limited solubility at pH6 6.
It has been shown previously that the pH depend-
ence of vpH induced by monocarboxylic acids can be
Fig. 2. The dependence of the pH gradient on the BLM (vpH)
on the concentration of K,K-DC11 at one side of the mem-
brane. The medium was as in the caption to Fig. 1, but pH
was 6.0.
Fig. 3. (A) A scheme of the pH pro¢le measurements by a pH
microelectrode. (B) pH pro¢le in the cis unstirred layer near the
BLM induced by the addition of 0.2 mM K,K-DC11 at the cis
side of the BLM. The medium was as in the caption to Fig. 1,
pH was 4.8.
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accounted for by the change of the limiting stage of
the total transport from that occurring in the USLs
to that proceeding in the BLM itself [20]. The test
revealing these two cases was based on the e¡ect of
the intensity of the solution stirring on the thickness
of the USLs, N [20,27]. More intensive solution stir-
ring is expected to reduce the BLM potential when
the transport is limited by the stage occurring in the
membrane; on the contrary, the stirring should have
no e¡ect on the potential when the limiting stage of
the transport proceeds in the USL.
Fig. 5 shows the recordings of the BLM potential
induced by K,K-DC11 acid at low (pH 3.6, right side)
and high (pH 6.0, left side) pH values. In agreement
with the results of [27], the increase in the rate of the
solution stirring reduces the value of the potential at
neutral pH and does not a¡ect the BLM potential in
the acidic pH range.
4. Discussion
The present work deals with the electrically silent
H-£uxes across the BLM induced by DC acids. It
can be concluded from the measurements of the
BLM electrical conductance that the acids studied
in the present work can permeate through the mem-
brane in the neutral form only (TH2) and the mem-
brane is impermeable for anionic forms of the acids
(T23 and TH3). All three forms are in an equilib-
rium in the solution:
T23 HHTH3
TH3 HHTH2
with pKa1 and pKa2, respectively. Since TH2 is the
only membrane-permeable form, proton-consuming
reactions predominate in the USL at the cis side of
the BLM (where the acid is added), whereas proton-
liberating reactions predominate at the opposite side
of the BLM (Fig. 6). Thus, transmembrane pH gra-
dients are formed in the USLs.
A quantitative description of the process of the
permeation of the DC acid through the BLM includ-
ing the formation of local pH gradients on the mem-
brane is rather complex and leads to equations which
have only the numerical solution [19]. However, one
can use a simpli¢ed model of weak acid permeation
(as it was proposed in our previous paper [20]) and
derive analytical solutions using several simpli¢ca-
tions. The main one is the assumption that the pH
shifts in the USLs are small. Supposing that the
Fig. 4. pH dependence of the pH gradient on BLM (vpH) in-
duced by the addition of 0.2 mM K,K-DC11 (curve 1) or 0.2
mM K,g-DC10 (curve 2) at one side of the BLM. The solution
was as in the caption to Fig. 1. Each point is a mean þ S.E. of
4^8 independent experiments. Inset: the dependence of the hy-
drogen ion £ux JH induced by the addition of 0.2 mM K,K-
DC11 at one side of the BLM on the hydrogen ion concentra-
tion in the bulk phases.
Fig. 5. E¡ect of the stirring on the value of the pH gradient on
the BLM induced by K,K-DC11 (the addition made at one side
of the BLM is marked by an arrow). (A) 1.5 mM of the acid,
pH 6.0. (B) 0.5 mM of the acid, pH 3.6. The medium was: 10
mM citrate, 100 mM choline chloride. At the moments marked
by arrows (o¡ and on) the medium stirring was switched o¡
and on, respectively, on both sides of the membrane.
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chemical reactions are fast compared to transmem-
brane permeation and that the USL permeabilities of
all three forms of the DC acid are the same (PUSL),
one can derive the following equation describing the
dependence of the H-£ux on the pH of the solutions
(modi¢ed Eq. 5 of [20]):
JH
T0PMTH22K 1K 2  K 1
K 1K 2  K 1  1K 1K 2  K 1  1 PMTH2=PUSL
1
where PMTH2 is the membrane permeability of
the TH2, PUSL is the USL permeabilities of TH2,
TH3 and T23, [T0] is a total concentration of
the DC acid added, K 1  10pH3pKa1  Ka1=H
K 2  10pH3pKa2  Ka2=H. In the limiting case of
alkaline pH, Eq. 1 is reduced to:
JH 
2T0PMTH2 H2
Ka1Ka2
2
while in the limiting case of acidic pH,
JH  T0P
USLKa1
H 3
The analysis of the Eq. 1 shows that at
pHIpHmax, the limiting step of the H-£ux is the
di¡usion of charged forms of the acid across the
USLs. A reduction of JH with decreasing pH is
caused by the reduction of T3 and T23 concentra-
tion. It is worth noting that the £ux of the DC acid
itself is expected not to decrease, but rather to reach
a constant level in this pH region. The H-£ux de-
creases in this pH region because it constitutes only a
part of the total DC acid £ux which is designated by
arrows in Fig. 6. At pHEpHmax the transport is
limited by the TH2 permeation across the membrane
itself and the decrease in JH with increasing pH in
the alkaline pH range is associated with the reduc-
tion of the TH2 concentration. Thus, the model im-
plies that the bell-shape pH dependence of H-£ux is
due to the change of the limiting step of the total
process of the DC acid transport.
In order to estimate the membrane permeabilities
of DC acids one should know their pK values (Eq.
1). The pKa1 and pKa2 of K,g-DC10 and K,K-DC11
are available in the literature: 4.6 and 5.6, and 3.0
and 6.2, respectively [28]. The pK values of K,K-DC
acids and K,g-DC of di¡erent molecular weights
vary insigni¢cantly [29]. Fig. 7 shows the theoretical
pH dependencies of JH calculated as the best-¢t of
the experimental curves (Fig. 4) using Eq. 1. The
following pKa1 and pKa2 values of DC acids were
used: 3.0 and 5.8 for K,K-DC11 acid, and 4.4 and
5.6 for K,g-DC10. Two parameters were varied:
PMTH2 and P
USL. It is seen from Fig. 7B, curve 1
that in the case of K,g-DC10 the theoretical depend-
ence agrees reasonably well with the experimental
one. On the other hand, the theoretical dependence
for K,K-DC11 acid deviates from the experimental
Fig. 6. A scheme of the permeation of a dicarboxylic acid (DC)
through unstirred layers (USL) and a bilayer lipid membrane
(M) accompanied by proton transfer reactions in the unstirred
layers. The arrows show the proton route leading to the forma-
tion of the pH gradient on the membrane. BP, bulk phase.
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one especially in the acidic pH range (Fig. 7A,
curve 1).
Eq. 2 shows that at pHEpHmax JH is propor-
tional to the square of the hydrogen ion concentra-
tion. The experimentally measured £uxes, however,
depend linearly on the H concentration in the pH
region from 5.5 to 7 (Fig. 4, insert). The analysis of
Eq. 1 has shown that the linear dependence of JH
on [H] is possible in the range of pKa16 pH6pKa2
provided that the pKa2 value is shifted considerably
to the alkaline pH range. Fig. 7, curves 2 present the
best ¢t calculated under the conditions of pKa2 = 7
and PUSL = 0.3U1033 mol/cm2/s. This value of PUSL
should be close to 0.3U1033 mol/cm2/s since the
PUSL value is determined by the thickness of the
USL and the di¡usion coe⁄cient which can be esti-
mated independently [20]. In this case, we vary pKa1
and PMTH2 . It is seen that the theoretical curves 2 ¢t
the experimental curves better than curves 1 espe-
cially in the case of K,K-DC11 (Fig. 7A). The calcu-
lated pKa1 are 4.76 and 4.68 for K,K-DC11 acid and
K,g-DC10, respectively (Fig. 7). It should be men-
tioned that the best-¢t theoretical curves are not sen-
sitive to variation of the pKa2 values if pKa2s 7 be-
cause the experimental JH £uxes are close to zero at
pHs 7.
This consideration indicates that the values of the
pKa of DC acids are shifted to the alkaline pH. It
can be proposed that the proton-transfer reactions
involved in transmembrane permeation of the TH2
form proceed near the surface of the BLM, and the
e¡ective value of pKa, which determines the trans-
port process, di¡ers signi¢cantly from the bulk phase
values in agreement with the data on the other weak
acids [30^32]. The main reasons of the pK shifts at
the membrane surface is the change in the hydrogen
ion concentrations near the interface (bound DC
acids can create a considerable negative surface po-
tential) on the one hand, and the change in the di-
electric permittivity at the interface, on the other.
One of the most important characteristics of the
transport of weak acids is their membrane permeabil-
ity PMTH2 . This parameter can be estimated using Eq.
2 and the JH values in the alkaline part of the ex-
perimental pH dependence where the transport is
limited by the permeation of the TH2 form through
the membrane. The PMTH2 values were estimated using
two sets of pKa : (1) bulk phase pKa values (curves 1
in Fig. 7); and (2) assuming pKa2 being more than 7
and taking pKa1 as the best ¢t of the experimental
£uxes (curves 2 in Fig. 7). For the ¢rst set of pKa
values in the case of K,K-DC11 acid the following
values of PMTH2 were obtained: 41U10
33 cm/s (pH
6.0), 210U1033 cm/s (pH 6.7), 1950U1033 cm/s
(pH 7.5). On the other hand, if the second set of
Fig. 7. The best ¢t of experimental JH £uxes calculated ac-
cording to Eq. 1 for K,K-DC11 (A) and K,g-DC10 acid (B).
Experimental JH £uxes were calculated from the data of Fig.
3 as it was described in Fig. 2. Theoretical curves were ob-
tained using the following parameters: pKa1 = 3.0, pKa2 = 6.2,
PMTH2 = 118U10
33 cm/s, PUSL = 0.08U1033 cm/s for curve 1, A;
pKa1 = 4.76, pKa2 = 7, PMTH2 = 1.05U10
33 cm/s, PUSL = 0.3U1033
cm/s for curve 2, A; pKa1 = 4.6, pKa2 = 5.6, PMTH2 = 1.5U10
33
cm/s, PUSL = 0.19U1033 cm/s for curve 1, B; and pKa1 = 4.68,
pKa2 = 7, PMTH2 = 1.09U10
33 cm/s, PUSL = 0.3U1033 cm/s for
curve 2, B.
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pKa values was used, the calculated PMTH2 value var-
ied insigni¢cantly with pH and was about 1U1033
cm/s for this acid. The pH independence of the cal-
culated PMTH2 values indicates that the second set of
pKa values is more consistent with the experimental
data. The same value of PMTH2 was estimated for K,g-
DC10 (1U1033 cm/s).
However, these estimations of are PMTH2 based on
many assumptions and can hardly be considered as
unambiguously determined values. On the other
hand, the PMTH2 values are commonly used for esti-
mation of £uxes of substances across membranes.
Since the JH values were proportional to the £uxes
of the TH2 form of a particular DC acid (Eq. 2) in
the alkaline pH range with respect to the maximum
in the pH dependence, these values can be used for
the comparison of the £uxes of di¡erent DC acids.
According to Fig. 4, the £uxes of K,K-DC11 are sim-
ilar to those of K,g-DC10 acid. Taking the £uxes of
these DC acids as unity, we obtain the following
series of £ux values for K,K-DC14, K,g-DC12, K,K-
DC11, K,g-DC10 from the experimental JH £uxes:
12, 5, 1, 1, respectively. It can be concluded that the
£uxes of K,K-DC acids and K,g-DC acids are similar
to each other, if they contain similar number of car-
bon atoms. Besides, the £uxes of DC acids increase
with increasing the number of carbon atoms in their
molecules.
The similarity of the permeabilities of K,K-DC
acids and K,g-DC acids in our system can be of
considerable interest since it has been shown in [14]
that liposome membranes made of a mixture of lipids
are poorly permeable to dodecanedioic acid com-
pared to, for example, lauric acid. On the other
hand, this acid readily permeates through the inner
mitochondria membranes [12]. The measurements of
pH dependence of JH enabled us to compare the
permeabilities of these two types of acids. It has
been shown in our previous work [20] that the max-
imum value of JH of an acid is independent of pKa
of the acid and is determined by the ration of the
membrane and the USL permeabilities. Therefore it
can be used for the comparison of the membrane
permeabilities of mono- and di-carboxylic acids.
Comparing JHmax of K,g-DC10 (24U10312 mol
H/cm2/s) and JHmax of CH3(CH2)8COOH)
(34U10312 mol H/cm2/s), one can conclude that
the permeabilities of mono- and di-carboxylic acids
di¡er insigni¢cantly under our experimental condi-
tions, provided that they have the same number of
carbon atoms. The discrepancies in the data on the
permeation of K,g-DC acids in various systems can
be a result of the di¡erences in their membrane com-
positions. Our experiments have shown that in the
case of the BLM made of natural mixture of phos-
pholipids (azolectin), the £ux of K,g-DC10 increased
two times compared to DPhPC BLMs (data not
shown). Besides, the di¡erence in the transport of
dodecanedioic acid and lauric acid observed in [14]
can be due to a sharp pH dependence of the dodec-
anedioic acid permeation and the reduction of the
transport at pH 8 which was chosen in the experi-
ments.
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